Direct cavitation inception index measurements and observation on occurrence of cavitation are compared to results of novel spatial pressure distribution measurements in a 2D cavity shear flow. This non-intrusive technique utilizes fourexposure PIV to measure the distribution of material acceleration, and integrating it by means of omni-directional virtual boundary integration algorithm to obtain the pressure distribution (Liu and Katz, 2006) . Consequently, it provides the instantaneous spatial distributions of velocity, material acceleration and pressure over a sample area along with their statistics. The present Reynolds numbers based on the cavity length vary from 1.7×10 5 to 3.4×10 5 . High-speed imaging of cavitation inception, recorded at 30,000 fps, indicates that for this 2D cavity flow, the onset of cavitation always occurs on the top of the cavity trailing edge, regardless of the free stream speed. With decreasing pressure cavitation intermittently expand to the region located just in front of the cavity. The timeaveraged spatial pressure distribution has a minimum just above the trailing edge due to the interaction of the impinging shear layer with the trailing wall. Around the cavity trailing edge, the mean flow first decelerates due to the impingement, but then accelerates right above the trailing edge, creating a local pressure minimum there. RMS values and PDFs of pressure fluctuations show that the highest fluctuations occur around the cavity trailing edge, and that the pressure peaks are consistent with the measured cavitation inception indices. There is also agreement between pressure statistics and conditions of appearance of cavitation in front of the trailing edge. The paper also provides the first directly measured experimental data on pressure-velocity correlation and pressure diffusion terms that appear in the evolution equation for turbulent kinetic energy. Results compared to other terms that act as sources and sinks in the turbulent kinetic energy balance. It is evident that near the trailing edge of the cavity, the contribution of pressure diffusion is comparable to that of turbulent kinetic energy production rate, and is much larger than the turbulent diffusion rate. Trends and spatial distribution of pressure diffusion also differs from those of turbulence diffusion.
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NOMENCLATURE

INTRODUCTION
The onset or inception of cavitation has been one of the central topics in cavitation research due to its importance in engineering applications [1] [2] . Numerous studies of cavitation inception have focused on a variety of flows such as tip vortices [3] [4] [5] , lifting and curved surfaces [6] [7] [8] as well as free shear layers [9] [10] [11] [12] [13] [14] [15] . However, for cavitation inception on 2D turbulent shear layer flow past an open cavity, the topic of this paper, the literature on is rather rare.
Indeed, most of the research associated with shear flows past open cavities has emphasized the so-called self-sustained or self-excited oscillations of the shear layer, which are responsible for coherent and broadband noise and flow induced vibrations [16] [17] [18] . These phenomena can be traced to the interaction of vorticity concentrations in the shear layer with the downstream corner of the open cavity. Previous studies have provided extensive information on flow structure, turbulence and acoustic properties of the 2D cavity flow. However, little information is available about the pressure field and associated occurrence of cavitation. 
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It is well established that cavitation inception occurs as a consequence of the rapid or explosive growth of small nuclei or bubbles in liquid due to exposure to low pressure [1, 19] . Thus, knowledge of the pressure distribution in the flow field is of fundamental importance for understanding the incipient of cavitation. Motivated by the lack of appropriate means for instantaneous spatial pressure distribution measurements, we have recently developed a novel optical-based measurement technique that can be used to measure the instantaneous spatial pressure distribution over a sample area in a non-intrusive fashion [20] [21] [22] . This technique utilizes four-exposure PIV to measure the distribution of material acceleration, and integrating it by means of omni-directional virtual boundary integration algorithm to obtain the pressure distribution. With this fourexposure PIV system, the instantaneous velocity, material acceleration and pressure distribution in the flow field can be obtained simultaneously. Moreover, with the measured data, important pressure-related statistics, such as the pressure velocity correlation and pressure diffusion in the Reynolds stress transport equations (e.g. Pope [23] ) can be calculated. In this paper, this novel spatial pressure measurement technique is employed to document the instantaneous spatial pressure distributions in the 2D turbulent open cavity flow. Statistics of these pressure measurements are compared with the observation on the occurrence of cavitation inception for this flow. Furthermore, we also provide the first directly measured spatial distributions of pressure-velocity correlations and pressure diffusion terms, and compare the results to other terms in the turbulent kinetic energy equation, such as production and diffusion rates.
EXPERIMENTAL SETUP
The experiment is conducted in a small water tunnel described in Gopalan and Katz [7] . The overall experimental setup for the spatial pressure measurements is shown in Figure  1 , and the 2-D open cavity test model is sketched in Figure 2 . The 38.1 mm long, 50.8mm wide and 30.0 mm deep 2-D cavity is constructed in a transparent acrylic insert that is installed in the 50.8×63.5 mm test section. As shown, the test model has a contraction ramp leading to the cavity, and a diffusing ramp downstream of the cavity. A 13 mm long region with tripping grooves, each with a notch depth of 0.46 mm and width of 1.00mm is machined at the beginning of the contraction ramp in order to trip the boundary layer. Thus, the separating boundary layer at the beginning of the cavity is turbulent. The shape of the contraction ramp is selected to be mild enough, based on the information obtained in Gopalan and Katz [7] , to insure that cavitation does not start upstream of the 2-D cavity. The mean velocity above the cavity ranges between 5 to 10 m/s, corresponding to Reynolds numbers based on cavity length of 1.7×10 5 to 3.4 ×10
5
, respectively. As illustrated in Figure 1 , to record the four exposures of PIV images we use two 2K×2K "cross-correlation" digital cameras with interline image transfer (Kodak ES4.0). Images 1 and 3 are recorded by camera 1 and images 2 and 4 are recorded by camera 2. The light sources are two dual-head Nd:Yag lasers, P ∞ ∞ Unlike the phenomena described in Katz and O'Hern [10] , O'Hern [11] , and Laberteaux and Ceccio [14, 15] , where cavitation inception occurs within the shear layer, in the 2-D open cavity flow, the onset of cavitation always occurs right on top of the trailing-edge of the cavity, regardless of the free stream speed. Figure 3 shows sample representative high-speed camera images, recorded at 30000 fps, which illustrate a typical process of incipient, growth and collapse of the cavitation bubbles at a free stream speed of 10 m/s. The flow direction is from left to right, and the width of the field of view is 10 mm, i.e. a fraction of the cavity width. At t = 0 µs (Figure 3a) , some small bubbles, either remnants of the previous cavitation process or nuclei convected from upstream, begin to appear on top of the trailing corner of the 2D cavity. From t = 33.3 to 100 µs (Figure 3b-d), these small bubbles, while "lingering" at roughly 0.25 mm downstream of the trailing edge, grow in size and become more apparent. From t = 100 to 266.7 µs (Figure 3d g), these discrete bubbles continue to grow in both streamwise and spanwise directions, but the spanwise growth rate is higher. Eventually, at t = 266.7 µs, a continuous series of attached patches of cavitation spread along the spanwise direction, filling the entire field of view. From t = 266.7 to 466.7 µs (Figure 3g i), the region with cavitation bubbles continues to grow in the streamwise direction, and reaches its maximum streamwise dimension of about 2mm at t = 466.7 µs. During this process, the leading edge of the almost continuous series of cavitation bubbles also propagates upstream and reaches the trailing edge of the 2D cavity.
After the continuous series of patches reaches its maximum streamwise dimension, it begins to decay and sheds several bubbles of varying sizes downstream, as shown in Figure 3j (t = 666.7 µs). From t = 800 µs until t = 1466.7 µs, the cavitating region continues to decay while shedding smaller bubbles, until only remnants of the cavitation are left near the trailing edge of the 2D cavity. These cavitation remnants soon serve as nuclei for another round of cavitation inception, growth and decay process, creating a persistent periodic process, as shown in Figure 3o -u.
The entire cavitation region is highly unsteady. At low dissolved oxygen content of 1.7ppm, and a cavitation index of 0.6, the front of the cavitation bubble may sporadically protrude to the region located upstream of the trailing-edge of the cavity. As shown in Figures 4 a and b , the bent and stretched bubbles are forced towards the trailing wall by the impinging of the shear layer. At this cavitation index, examination of the high speed images shows that some protrusion of the cavitation to the region located upstream of the cavity occurs about 30% of the total recording time.
Although the majority of the cavitation inception (and more developed) events occur above the trailing edge of the cavity, cavitation bubbles appear rarely in the shear layer just upstream the trailing wall. Figure 4c shows such a rare event, captured in the shear layer right in front of the trailing wall. Here a small nucleus, visible in the previous image (but not shown here) is transported downstream at a convection speed of roughly 5m/s, and suddenly grows explosively at about 1mm upstream of the trailing edge of the cavity (Figure 4c ). Subsequently, this slender cavitation bubble impinges on the trailing edge of the cavity and disintegrates (image captured but not shown here). These observations suggest that pressure minima within the shear layer are sufficiently low to initiate cavitation once a nucleus is available.
With decreasing mean pressure, the cavitating region expands, eventually reaching a "super cavitation" stage that extends far downstream of the trailing edge of the cavity. Yet, the time mean location of the leading edge of cavitation is still locked onto the trailing-edge of the cavity. As will be demonstrated in the next section, this lock-on behavior is a consequence of the fixed location of the time-averaged pressure 
It is interesting to note that in a study of cavitaiton inception in hydraulic oil flow through a rectangular 2-D constriction, Washio et al [25] always observe a stationary microscopic cavity emerging suddenly on the inlet edge of the constriction. This phenomenon is very similar to the present observations in a 2-D open cavity flow, where the trailing corner can be viewed as equivalent to the 2-D constriction studied by Washio et al [25] .
The measured cavitation inception indices at low dissolved oxygen concentration of 1.7 ppm are shown in Figure 5 . The inception indices are measured using visual observations by keeping the velocity constant and gradually reducing the pressure in the facility until cavitation appears. Each point in Figure 5 is an average of several measurements that do not differ significantly. Clearly, as the free stream speed is increased from 7 m/s to 10 m/s, the cavitation inception index decreases from 1.06 to 0.62. It is not clear whether this trend is related to the Reynolds number or other effects. Furthermore, it should be noted that dissolved air content has a substantial impact on these results, as steady cavitation appears above the cavity at significantly higher pressure (e.g. Figure 3 ). These issues need to be investigated carefully, but Figure 5 provides an indication of the minimum magnitude of pressure fluctuation peaks in the cavitation inception region. 
RESULTS OF FLOW FIELD SURVEY
In the flow field survey results presented below, the origin of the coordinates is placed at the leading edge of the cavity, and the x and y axes point downstream and upward, respectively. Measurements have been performed at two free stream speeds, 10m/s and 5m/s, with the corresponding Reynolds number of 335,000 and 167,500 based on the cavity width, respectively. At 10 m/s, the field of view is 50.8×50.8 mm; while at 5m/s, the field of view is reduced to 25.4×25.4 mm. For both flow speeds, to maximize the spatial resolution of the velocity measurements, we use progressive grid refinement, culminating in 16×16 pixels interrogation window with 50% overlap between windows. The corresponding length scales for the 25.4× 25.4 mm field of view are an interrogation window of 0.2×0.2 mm, and vector spacing of 0.1 mm. For the 50.8×50.8mm field of view, these dimensions are doubled. Thus, the present spatial resolution extends well into the turbulence dissipation scales. Following the procedures outlined in Liu and Katz [20] , we calculate the instantaneous distributions of material acceleration, and then integrate them to obtain the pressure distribution. Averaged virtual boundary omni-directional integration over the entire flow field is used to calculate the pressure at each grid nodal point.
Time-averaged velocity and pressure distribution To illustrate the overall structure of the cavity flow, Figure  6 (a) shows the time-averaged horizontal velocity distribution overlapped with the streamlines at 10m/s. Clearly, there is a large slow-rotating recirculation region within the cavity, where the maximum mean tangential speed of the flow around the recirculation center is only about 15% of the free stream velocity. Above the recirculation region there is a narrow shear layer with high cross-stream velocity gradients. Within the 3mm thick shear layer at the center of the cavity, the mean horizontal velocity quickly drops from 10.0 m/s to 3.0 m/s. This high shear imposes substantial challenges to PIV analysis, but is also the main reason for many interesting events occurring in the shear layer. Above the shear layer the mean horizontal velocity increases slightly in the streamwise direction due to the growth of the shear layer and expansion of the boundary layer on the upper wall. Thus, one should expect a slight favorable streamwise pressure gradient above the shear layer. This expected slight favorable pressure gradient in the "free stream" region is confirmed from the time averaged pressure distribution over the 2-D cavity, as shown in Figure 6(b) . Within the cavity, there are enclosed pressure contours with a minimum at the center of the recirculating flow. In the shear layer, the pressure initially decreases in the streamwise direction, and then increases again, reaching a maximum near the trailing edge of the cavity. This local maximum is a consequence of flow impingement on the downstream wall of the cavity.
Reynolds stress distributions ′ ′ direction the pressure decreases and vice versa, i.e. an inertial "Bernoulli type" relation. Hooper and Musgrove [26] , using a cobra (4-hole) probe, also report strong negative correlations between fluctuating pressure and streamwise velocity component in a developed pipe flow. Figure 10 . Comparison of (a) turbulence diffusion of 2 u , (b) streamwise pressure diffusion and (c) turbulent kinetic energ ′ y production rate. As the flow approaches the trailing edge of the cavity, the p u ′ ′ negative-correlation gradually decreases magnitude, and eventually changes its sign, creating a positive peak just upstream of the trailing edge (Figure 9a ). This trend must be associated with the adverse mean pressure gradients and stagnation-like conditions near the cavity forward corner. As the velocity, i.e. momentum of the flow, increases in the impinging layer, the adverse pressure gradients also increases. Consequently, the pressure-velocity correlation becomes positive.
As for the Turbulence and pressure diffusions and turbulence production In addition to effects of pressure on cavitation, the data presented in this paper enables us to compare terms contributing to the evolution and transport of turbulent kinetic energy in the shear layer. For example, Figure 10 and 11 compare the impact of pressure-velocity correlations to those of turbulent diffusion and production rate. The turbulent diffusion terms involving 2 u′ are compared to streamwise gradients of p u ′ ′ in Figure 10a and b, respectively. Close to the cavity trailing edge, the horizontal pressure diffusion is about five times larger than the 2 u′ turbulence diffusion terms. Moreover, distribution patterns of these two diffusion terms are considerably different. This
Cp rms
Cp comparison implies that the conventional practice of modeling these transport terms together, typically as Laplacians of the turbulent kinetic energy (Pope [23] ), is clearly not justifiable for this turbulent 2-D open cavity flow. The horizontal pressure diffusion term near the trailing edge is also not negligible in comparison to the turbulent kinetic energy production rate, shown in Figure 10c . The pressure diffusion is slightly lower and of opposite sign compared to the production rate (the latter trend is expected), but they are of the same order of magnitude. Clearly, the present results indicate that one cannot neglect the pressure diffusion term near the trailing edge in RANS simulations of turbulent cavity flows.
The contribution of 2 v′ to turbulence diffusion is also much smaller than the vertical gradients of ′ v ′ p , as shown in Figure  11 . Peaks of both terms are smaller than the corresponding horizontal terms, and they are located at different places. The vertical pressure diffusion diminishes near the trailing edge of the cavity but has substantial positive values in the upper part of the shear layer and negative values below it. In the middle of the shear layer, the vertical ′ v ′ p gradients are not negligible in comparison to the overall production rate. Clearly pressurevelocity correlations have substantial impact in dynamics of turbulence throughout the shear layer. Figure 12a -d shows statistics on horizontal and vertical component of the mean velocity distributions, along with the mean and rms pressure distributions in the region right above the trailing edge of the cavity for a free stream velocity of 5m/s. As expected, the horizontal velocity has a minimum upstream of the cavity trailing edge as a result of the flow impingement on the wall. Downstream of the trailing edge, the mean velocity recovers rather quickly (Figure 12a ). Consequently, we see a dramatic change in the mean pressure magnitude from high values upstream of the corner, to a local minimum immediately downstream of the trailing edge (Figure 12c ). Existence of a low-pressure region above the cavity trailing edge explains why we observe that cavitation inception always occurs right above the trailing edge (Figure 3 ). The mean vertical velocity component peaks just upstream of the trailing edge (Figure 12b ) and its trends/gradients may be explained from the continuity equation. Figure 12d shows the magnitude of the pressure fluctuations are high and continue to grow in the streamwise direction downstream past the cavity trailing edge. Figure 13 shows several PDFs of pressure fluctuations at selected locations before and after the trailing edge for a free stream speed of 5m/s. Again, the shapes of the PDF plot are strongly location dependent. Upstream of the trailing edge, the measured negative pressure peaks extend to less than -0.8, while downstream of the trailing edge, the negative pressure peaks extend -1.25. Combined with the fact that the minimum mean pressure is also located right above the trailing edge of the cavity, these results agree with the observed persistent location of cavitation inception right above the trailing edge of the cavity. Furthermore, although we presently do not have data for the cavitation inception index at 5 m/s, a comparison between Figures 8 and 13 indicates that scaled pressure fluctuations increase with decreasing velocity, in agreement with trends of the measured cavitation indices ( Figure 5 ). Measurements planned for the near future will complete this picture.
Statistics on the flow above the cavity trailing edge
SUMMARY
Direct cavitation inception index measurements and observation on occurrence of cavitation are compared to novel spatial pressure distribution measurements within a 2D cavity turbulent shear flow (Liu and Katz [20] ). High speed digital imaging of cavitation inception, recorded at 30,000 fps, indicates that the onset of cavitation always occurs on top of the cavity trailing edge, regardless of the free stream speed. The cavitation inception indices decrease with increasing velocity (Reynolds number). The cavitation inception process appears to be cyclic.
The time-averaged horizontal velocity pressure distributions indicate that there is a slight favorable pressure gradient in the free stream region due to the growth of the shear layer. The time-averaged spatial pressure distribution has a distinct minimum just above the trailing edge due to interaction of the impinging shear layer with the trailing wall. PDFs of pressure fluctuations show that the highest negative pressure peaks occur above the cavity trailing edge. Both are consistent with the observed location of cavitation inception. Trends of the negative pressure peaks with velocity agree with those of the measured cavitation inception indices.
The trailing edge plays a key role in defining the dynamics of turbulence in the cavity shear layer. For most of the shear layer, the pressure is negatively correlated with the streamwise velocity. However, due to adverse pressure gradient imposed by the presence of the trailing edge, the pressure-streamwise velocity correlation becomes positive near the forward corner of the cavity. Comparisons of the resulting pressure diffusion terms with turbulence diffusion and turbulence kinetic energy production rate indicate that the pressure diffusion is of the same order of magnitude as the production rate, and much larger than the diffusion. Thus, effect of pressure diffusion cannot be
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Probability Density Function Cp' Figure 13 . Ensemble averaged pressure distribution and PDFs of pressure distributions at selected locations in the shear layer over the trailing corner of the cavity at Ue=5.15m/s.
neglected in RANS simulations of this flow. Furthermore, trends of pressure diffusion differ substantially from those of the turbulence diffusion, in contrast with typical models for these terms.
